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Abstract: Global sea-level changes strongly impact within-basin depositional patterns and the evolution of
palaeoclimate, palaeogeography and palaeoecology. During the long, worldwide ice-free period in the mid-
Cretaceous greenhouse time interval, high-frequency global sea-level changes were recorded in sedimentary
archives. However, the causes of these global sea-level changes are still debated. In central Tibet, the 1 km-
thick Langshan Formation has been dated to the late Aptian to early Cenomanian based on larger benthic fora-
minifera and accumulated in an epeiric seaway, thus, it provides a good opportunity to reconstruct the sea-level
change and their controlling factors. Eleven distinct microfacies corresponding to three sedimentary environ-
ments have been identified in the Langshan Formation. Calcispheres marlstone and bioclastic wackestone
with calcispheres were deposited in an open marine environment; coral rudstone, rudist rudstone and benthic
foraminifera–rudist wackestone characterize were deposited in a rudist bank environment; and orbitolinids
floatstone–rudstone, green algae packstone, bioclastic grainstone, orbitolinids wackestone with small benthic
foraminifera, spicules wackestone and small benthic foraminifera wackestone–mudstone were deposited in a
lagoonal environment. The Langshan Formation accumulated on an epeiric platform. This unit documents a
sudden deepening event from a rudist bank to an open marine environment during the late Albian
(c. 107 Ma). Integrating these findings with regional data from the literature, we infer that this deepening
event was a widespread, roughly synchronous feature across the globe, and was controlled by a global sea-
level rise related to the decay of polar ice sheets or the release of water from continental aquifers.

Supplementary material: Benthic and planktonic foraminifers in the Leitie and Zulong Sections are available
at https://doi.org/10.6084/m9.figshare.c.4697147

It is generally accepted that global sea-level strongly
impacts depositional patterns within sedimentary
basins, biodiversity (Holland 2012), ocean circula-
tion, oceanic anoxic events and various climate pro-
cesses (Miller et al. 2005; Haq 2014). Global
sea-level change is also important for evaluating
ephemeral glaciations or other causativemechanisms
(Ramkumar 2015). The mid-Cretaceous is consid-
ered to have featured an ice-free world with a green-
house climate (Hay 2017; O’Brien et al. 2017; Huber
et al. 2018), and well-preserved oceanic and epeiric
strata during this time record several global sea-level
cycles (Miller et al. 2005; Haq 2014). However, the
causes of the eustatic sea-level changes during green-
house times remain under debate (Miller et al. 2005;
Haq 2014; Sames et al. 2016; Wendler & Wendler
2016; Hay 2017). The identification and history of
global sea-level changes under a greenhouse climate
are vital for understanding their causes.

Several Cretaceous eustatic sea-level reconstruc-
tions exist (Sahagian et al. 1996; Miller et al. 2005;
Kominz et al. 2008; Müller et al. 2008; Haq 2014).
However, those works are partly contradictory and
need re-evaluation. For example, Müller et al.
(2008) reconstructed long-term second-order
eustatic sea-level change since 140 Ma by recon-
struction of global seafloor age–area and depth–
area distribution. Based on this curve, we cannot
obtain third-order sea-level changes. The curves
reconstructed by Sahagian et al. (1996), Miller
et al. (2005) and Kominz et al. (2008) are firstly
based on different regional data, and need to be
tested to determine whether they represent global
signals of sea-level changes. Additionally, those
curves focus on only parts of the Cretaceous, e.g.
Sahagian et al. (1996) on Early Cretaceous and Mil-
ler et al. (2005) and Kominz et al. (2008) on Late
Cretaceous. Those curves show only limited overlap.
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Therefore, we need more data from other regions to
test the validity of those curves. Haq (2014) replot-
ted the Cretaceous sea-level curve by correlating
synchronous sequence boundaries in several non-
contiguous basins; however, some sequence bound-
aries are classified as provisional eustatic events that
remain to be confirmed. Furthermore, these eustatic
sea-level curves are partly compatible, for example,
published estimates of the Late Cretaceous sea-level
differ greatly by half an order of magnitude, from
c. 40 to c. 250 m above the present level (Müller
et al. 2008).

Direct measurement of the mid-Cretaceous sea-
level is impossible because the sea-level at any one
place is influenced by local tectonics. Epeiric seas
are considered to be nearly ideal for precisely tracing
eustatic change (Cisne et al. 1984; Cisne & Gildner
1988). With a low relief gradient (Heckel 1972),
depth changes in an epeiric sea tend to reflect sea-
level change rather than temporally shifting spatial
gradients (Cisne & Gildner 1988). In addition, car-
bonate platforms, especially in such settings, are sen-
sitive recorders of the relative sea-level over time
(Immenhauser et al. 1999; Husinec & Jelaska 2006).

The thick shallow-marine carbonate successions
of the central Tibet span the critical mid-Cretaceous
interval and were deposited in an epeiric seaway
with abundant index fossils (orbitolinids and rudists).
Biostratigraphy based on larger benthic foraminifera,
coupled with detailed microfacies analysis, allows us
to placefirm constraints on the stratigraphic and envi-
ronmental evolution and sea-level change of the mid-
Cretaceous and to discuss the factors controlling
these sea-levels during this critical greenhouse cli-
mate time interval.

Geological settings

Lhasa terrane

The Lhasa terrane, a part of the Tibet Plateau, lies
between the Indus–Yarlung suture to the south and
the Bangong–Nujiang suture to the north. This ter-
rane consists of the southern Lhasa subterrane and
the northern Lhasa subterrane which are divided by
the Luobadui–Milashan Fault (Fig. 1a) (Burg et al.
1983; England & Searle 1986; Yin & Harrison
2000; Pan et al. 2004). The southern Lhasa subter-
rane mainly comprises the Xigaze forearc basin
and the Gangdese arc, which were influenced by
the subduction of Neo-Tethys oceanic crust (Yin &
Harrison 2000). The Gangdese arc began uplifting
at c. 113 Ma and provided detrital materials to the
Xigaze forearc basin (Wang et al. 2017a). The north-
ern Lhasa subterrane mainly comprises Paleozoic
metasedimentary rocks, Jurassic–Cretaceous sedi-
mentary strata and Mesozoic igneous rocks
(Fig. 1b). During the mid-Cretaceous, the marine

strata of the northern Lhasa subterrane were mainly
deposited within an epeiric seaway, which was
located at a palaeolatitude of c. 20° N (DeCelles &
Kapp 2007; Leier et al. 2007a, b; Chen et al. 2012;
Ma et al. 2018). This epeiric seaway opened to the
Neo-Tethys ocean to the west and was bounded by
Cretaceous continental strata to the north (DeCelles
& Kapp 2007) and to the east (Wang et al. 2017b),
and by Cretaceous volcanic rocks to the south
which provided detrital materials to the seaway
(Sun et al. 2017; Lai et al. 2019b).

Stratigraphy

The Cretaceous strata in the northern Lhasa subter-
rane include the Duoni, Langshan and Jingz-
hushan/Daxiong formations (Pan et al. 2004;
Zhang et al. 2004). The Duoni Formation is domi-
nated by sandstone with interbedded conglomerate
and mudstone interpreted to have been deposited
within deltaic to fluvial environments (Leier et al.
2007a, c; Zhang et al. 2011; Sun et al. 2017; Lai
et al. 2019b). The depositional age of the Duoni For-
mation is constrained by geochronologically dated
tuff layers from 123 to 116 Ma (Sun et al. 2017).

Conformably overlying the Duoni Formation, the
Langshan Formation is widely distributed in the
northern Lhasa subterrane from east to west, with a
length of c. 1200 km (Fig. 1b), and mainly comprises
thick-bedded bioclastic limestone interbedded with
sandstone, mudstone and marlstone (Zhang 2000;
Zhang et al. 2004, 2012; Leier et al. 2007a; Sun
et al. 2017). The age of the Langshan Formation
was previously constrained by fossil assemblages to
Aptian–Albian (DeCelles & Kapp 2007; Leier et al.
2007a), Aptian–early Cenomanian (BouDagher-
Fadel et al. 2017) or Barremian–early Cenomanian
(Rao et al. 2015).

The Jingzhushan Formation exposed to the north
of the outcrop belt of the Langshan Formation
mainly consists of red conglomerate and coarse
sandstone, interbedded with siltstone. The Daxiong
Formation is characterized by a set of conglomerates
distributed to the south of the area of the Langshan
Formation. Both the Jingzhushan and Daxiong for-
mations are interpreted to have been deposited in
alluvial fan environments. The tuff layers within
these formations constrain the onset of deposition
at c. 92 Ma, indicating the initial uplift of the north-
ern Lhasa terrane at c. 92 Ma (Sun et al. 2015; Lai
et al. 2019a).

Materials and methods

Samples were collected from three stratigraphic
sections (Fig. 1b). Among them, the Azhang sec-
tion (GPS: 31° 52′ 48.5″ N, 84° 55′ 16.5″ E) and
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the Zulong section (GPS: 32° 36′ 38.64″ N, 81° 19′
47.95″ E) are well exposed and were systemically
sampled, whereas the Langshan Formation in
the Letie section (GPS 32° 5′ 20.476″ N, 84° 27′
57.114″ E) is partly covered. The sampling fre-
quency is c. 2–4 m per sample. A total of 643 sam-
ples were employed for thin section and further
microfacies analysis.

In this study, foraminifera species were studied in
thin sections under a polarizing microscope. Based
on the foraminifera assemblage, the benthic forami-
niferal zones are defined and correlated to the estab-
lished Tibetan Larger Benthic Foraminiferal
biozones of the Cretaceous (TLK1) by BouDagher-
Fadel et al. (2017). The eight identified foraminiferal
biozones (TLK1a-h) are Aptian to early Cenomanian
in age and were used to correlate the South Tibetan
sedimentary successions. These biozones are defined
as follow: (1) TLK1a corresponds to planktonic fora-
minifera biozone (PZ) Aptian 1–2 and is dominated

by Palorbitolina and Praeorbitolina spp.; (2)
TLK1b corresponds to PZ Aptian 3 and is character-
ized by the first appearance of Mesorbitolina parva;
(3) TLK1c of Late Aptian (PZ Aptian 4) age
is characterized by the first appearance ofMesorbito-
lina texana; (4) TLK1d of Albian (PZ Albian 1) age
is defined by the first appearance of Cuneolina
pavonia; (5) TLK1e of Albian (PZ Albian 2) age is
characterized by the first appearance of Palorbito-
linoides hedini; (6) TLK1f of Middle Albian (PZ
Albian 3) age and is characterized by the first
appearance of Mesorbitolina aperta; (7) TLK1g of
end Albian (PZ Albian 4) age is characterized by
the appearance of Conicorbitolina cf. cuvillieri
and Pseudochoffatella cuvillieri; and (8) TLK1h of
Early Cenomanian age is characterized by the first
appearance of Conicorbitolina sp. A and Nezzazata
conica. The foraminiferal assemblages in this
study are correlated with these biozones and were
further correlated with the planktonic foraminiferal
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Fig. 1. (a) Simplified tectonic map of the Tibetan Plateau and adjacent regions (Pan et al. 2004). JSSZ, Jinsha suture
zone; BNSZ, Bangong–Nujiang suture zone; LMF, Luobadui–Milashan Fault; IYSZ, Indus–Yarlung suture zone.
(b) Simplified geological map of the Lhasa Basin, showing the studied section Lhasa terrane (modified after Pan et al.
2004). GST, Gaize-Selin Co thrust; SGAT, Shiquan–Gaize–Amdo thrust; GLT, Gugu La thrust; ST, Shibaluo thrust;
ET, Emei La thrust. The localities of the Guolong and Xiagezi sections are from BouDagher-Fadel et al. (2017).
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bioevents in the Late Mesozoic as defined by
BouDagher-Fadel (2015) and calibrated against the
biostratigraphic time scale and chronostratigraphy
(as defined by Gradstein et al. 2012 and revised by
Cohen et al. 2013) (Fig. 2b).

Microfacies analysis was performed by examin-
ing the mineralogical components, macrofossil and
microfossil assemblages and textures of the samples
observed in thin sections and outcrops. Fossil or fos-
sil debris such as green algae, benthic foraminifera

and planktonic foraminifera were identified without
taxonomic details in thin sections to determine dep-
ositional environment. Carbonate rocks in the thin
section were described based on the Dunham
(1962) and Embry & Klovan (1971) classifications
of carbonate rocks. Major fossil groups were deter-
mined using the descriptions and photographs in Flü-
gel (2010). For the determination of the depositional
environments, microfacies models of Wilson (1975)
and Flügel (2010) were used.
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Fig. 2. (a) Lithology and biostratigraphic correlation of three sections of the Langshan Formation. (b) Larger benthic
foraminiferal biozones and their age (modified after BouDagher-Fadel et al. 2017). Abbreviation: Cen., Cenomanian;
TLK1, Tibetan Larger foraminiferal zones of the Cretaceous.
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Results

Lithostratigraphy and biostratigraphy

The Langshan Formation can be further subdivided
into three members (Fig. 2a). Member 1 comprises
thick-bedded black bioclastic limestone with thick-
nesses of c. 230 m in the Azhang section, c. 72 m
in the Letie section and 200 m in the Zulong section.
Member 2 comprises thinly bedded grey marlstone
interbedded with several beds of limestone with
thicknesses of 260 m in the Azhang section, 315 m
in the Letie section and 420 m in the Zulong section.
In the Zulong section, Member 2 can be divided into
three parts based on its lithology. The lower and
upper parts of Member 2 are grey marlstones, and
the middle part consists of black limestone. The con-
tacts of Member 2 with both underlying Member 1
and overlying Member 3 are conformable. Member
3 comprises black bioclastic limestone with thick-
ness c. 200 m in the Azhang section and c. 150 m
in the Letie section. Member 3 comprises limestone
and dolostone with thickness of c. 400 m in the
Zulong section.

The biostratigraphy of the Azhang section is
described in detail in BouDagher-Fadel et al.
(2017). Here we provide an overview of the biozones
of the Azhang section. The age of Member 1 spans
Aptian 3–Albian 3 (119.5–102.2 Ma) (BouDagher-
Fadel et al. 2017). Member 1 of the Azhang section
contains Sabaudia capitata, Palorbitolina lenticula-
ris, Mesorbitolina parva and Palorbitolinoides
hedini, indicating an age of Aptian 3–Albian 2
(119.5–106.7 Ma) (BouDagher-Fadel et al. 2017).
Palorbitolinoides hedini is absent in the uppermost
portion of Member 1 where Mesorbitolina aperta
makes its first appearance. The latter also occurs in
Member 2, indicating an age of Albian 3 for upper-
most Member 1 and Member 2 (BouDagher-Fadel
et al. 2017). Member 3 contains Ascoliella quadrata,
Conicorbitolina cf. cuvillieri, Pseudochoffatella sp.
B, Nezzazata conica and Daxia cenomana, indicat-
ing an age of Albian 4–Cenomanian 1 (102.2–
98.8 Ma) (BouDagher-Fadel et al. 2017).

In this study, we mainly focus on the orbitolinids
and planktonic foraminiferal biozones in the Letie
(Fig. 3) and Zulong sections (Fig. 4). The occasional
coexistence of planktonic foraminifera with the
larger benthic foraminifera enables the stratigraphic
ranges of the latter to be defined very precisely, as
they can be tied to the high-resolution planktonic
zonal dating scheme of BouDagher-Fadel (2015,
2018a, b), which itself is correlated to the absolute
time scale of Ogg & Hinnov (2012) and Cohen
et al. (2013).

In the Letie section, Member 1 contains orbitoli-
nid index fossils like Mesorbitolina parva, Palorbi-
tolina lenticularis (Plate 1, Fig. 3) and Vercorsella

arenata (Plate 1, Fig. 7), indicating an age of Aptian
4 (116.5–113 Ma). The Favusella washitensis (Plate
1, Fig. 6) makes its first appearance in the upper-
most portion of Member 1, indicating an age of
latest Aptian (Aptian 4)/Albian at this level. The
occurrence of Hedbergella rischi at the bottom of
Member 2 confirms the Albian age. Rare planktonic
foraminifers are present in the lower part of Mem-
ber 2 while the boundaries among the planktonic
foraminiferal biozones of Albian 1–3 are not
clearly defined; however, planktonic foraminiferal
index fossils of Ascoliella quadrata (Plate 1,
Fig. 2) appear in the middle part of Member 2 indi-
cating an age of Albian 4 (102.2–100.5 Ma). Thus,
the age of Member 2 is Albian and the age of its
middle part is Albian 4. In Member 3, the presence
of Trocholina altispira indicates already a Cenoma-
nian age.

In the Zulong section, Member 1 contains the
orbitolinid index fossils Vercorsella arenata (Plate
2, Fig. 1), Palorbitolina lenticularis (Plate 2,
Fig. 2), Mesorbitolina parva, Orbitolinopsis sp. A
and Cuneolina pavonia, indicating an age from
Aptian 4 to Albian 1 (116.5–109.8 Ma). In the mid-
dle part of Member 2, Mesorbitolina subconcava
(Plate 2, Fig. 5) and Mesorbitolina birmanica
(Plate 2, Fig. 6) are common. The disappearance
of the index fossil Palorbitolinoides orbiculata
(Plate 1, Fig. 3) in this interval indicates an age of
Albian 2–3 (109.8–102.2 Ma). In Member 3, the
presence of Praeorbitolina cf. wienandsi and Orbi-
tolina qatarica indicates an age of Albian 4 to Cen-
omanian 1 (102.2–98.8 Ma). Considering the age of
Members 1 and 3, we infer that the age of Member 2
is Albian 1–4 (116.5–100.5 Ma), specifically,
Albian 1 in the lower part and Albian 2–4 in the
upper part.

The age range ofMember 1 in the Azhang section
is Aptian 3–Albian 3, which is greater than the age
range of the others (Fig. 2a). The onset of deposition
of Member 2 in the Zulong section was Albian 1,
which is earlier than the others. In the Azhang and
Letie sections, the age of Member 2 is Albian 3 to
Albian 4, which can be correlated with the upper
part of the marlstone of Member 2 in the Zulong sec-
tion. The age of Member 3 in all studied sections is
from Albian 4 to Cenomanian 1.

Microfacies

In the present study, we have recognized 11 microf-
acies, documenting three different depositional envi-
ronments: lagoon, rudist bank and open marine
(Table 1).

Open marine
MF1 Calcispheres marlstone. MF1 is described

as a grey marlstone in outcrop and is found in
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Fig. 4. Stratigraphy of the Langshan Formation in the Letie section, showing the sample positions and occurrence of
larger benthic foraminifera.
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Table 1. Summarized characteristics of determined microfacies types in the Langshan Formation compared with the standard microfacies types after Flügel (2010)

Microfacies Microfacies name Components Structures Depositional
environment

Palaeodepth Standard
microfacies
Flügel (2010)Skeletal Non-skeletal

MF1 Calcispheres
marlstone

Calcispheres, minor planktonic foraminifera, rare
echinoderms and ostracod

Silts None Open marine 50–100 m SMF 3

MF2 Bioclastic
wackestone with
calcispheres

Planktonic foraminifera, calcispheres, echinoderms,
bivavles, rare bryozoans and textulariids

None None Open marine 50–100 m SMF 2

MF3 Coral rudstone Coral debris, minor bivalve debris, sponge spicules,
echinoiderms, rare ostracod, Bacinella,
Lithocodium

Peloids Boring Forebank .10 m SMF 6

MF4 Rudist rudstone Rudist and its debris, minor green algae debris,
orbitolinids, echinoderms, minor Bacinella,
Lithocodium, rare small textulariids, miliolids

Peloids Boring Rudist
bank to
forebank

0–5 m

MF5 Benthic
foraminifera–
rudist wackestone

Rudist debris, bivavle, green algae, small miliolids
and textulariids, minor Bacinella, Lithocodium,
echoinoids, rare red algae

Peloids None Backbank 5–10 m

MF6 Orbitolinids
floatstone

Orbitolinids, fine bioclastic debris, rare textulariids,
ostracod

Silts,
peloids

None Lagoon 10–50 m SMF 18

MF7 Green algae
packstone

Dasyclad, Halimeda, common textulariids and
miliolids, minor orbitolinids, bivavle, rare
echinoderms, gastropods, bryozones

None None Shallow
lagoon

5–10 m SMF 18

MF8 Bioclastic grainstone Bivalves, rudist, orbitolinids, green algae, minor
textulariids, miliolids bryozoans, rare
echinoiderms, gastropods, red algae

Peloids,
ooids,
intraclasts

None Shoal 0–10 m

MF9 Orbitolinids
wackestone with
small benthic
foraminifera

Orbitolinids, common textulariids, miliolids, green
algae, rare Bacinella, Lithocodium, echinoiderms

Peloids None Shallow
lagoon

0–10 m SMF 18

MF10 Spicules wackestone Sponge spicules, green algae, miliolids, other small
benthic foraminifera

Peloids None Shallow
lagoon

0–10 m

MF11 Small benthic
foraminifera
wackestone–
mudstone

Diverse small textulariids and miliolids, minor
dasyclads, sponge spicules, orbitolinids

Peloids Dissolution
cavities

Shallow
lagoon
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Member 2 in the three studied sections. This facies is
characterized by its micritic matrix that contains
mainly calcispheres with minor planktonic forami-
nifera (Fig. 5a). The calcispheres (c. 30%) are
c. 30 µm in diameter and filled by sparite.
Non-keeled planktonic foraminifers represent less

than 10% of the content. The matrix is micrite with
minor silty quartz.

Calcispheres occur in pelagic limestone during
the Jurassic and Cretaceous periods (Flügel 2010).
The non-keeled planktonic foraminifera indicate a
shallow shelf sea, with water depth of c. 50–100 m
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Fig. 5. (a) MF1. Calcispheres marlstone, sample 12ls76. C, Calcispheres. (b) MF2. Bioclastic wackestone with
calcispheres, sample 17lt23. B, Bivalve; P, planktonic foraminifera. (c) MF3. Coral rudstone, sample 16zl160.
(d) MF4. Rudist rudstone, sample 16zl232. R, Rudist. (e) MF5. Rudist packstone with Benthic foraminifera–rudist
wackestone, sample 12ls54. R, rudist; B, bivalve; M, miliolid. (f) MF6. Orbitolinids rudstone, sample 16zl97.
B, Bivalve; Orb, orbitolinids; O, ostracod. (g) MF7. Green algae wackestone, sample 12ls48. G, Green algae;
M, miliolid; T, textulariid. (h) MF8. Bioclastic grainstone, sample 16zl126. E, Echinoderm; G, green algae;
I, intrtaclast; Orb, orbitolinids. (i) MF9. Orbitolinids wackestone with small benthic foraminifera, sample 12ls47. Orb,
Orbitolinids; S, small benthic foraminifera. (j) MF10. Spicules wackestone, sample 12ls32. M, Miliolid; Sp, sponge
spicules. (k) MF11 Benthic foraminifera wackestone, sample 12ls27. M, Miliolid; T, Textulariid. (l) Dissolution
cavities, sample 16zl106. D, Dissolution cavity. The scale bar represents 1 mm.
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(Gold et al. 2017). The micritic matrix in association
with pelagic organisms indicates a low-energy open
marine environment; it can be correlated to SMF3 of
Flügel (2010).

MF2 Bioclastic wackestone with calcispheres.
This microfacies contains 10–20% carbonate grains
with matrix supported texture. The components of
the carbonate grains are mainly bivalve debris,
accounting for c. 10% of the content, with minor
amounts of calcispheres and planktonic foraminifers,
accounting for 5% of the content. Echinoderms are
also present (Fig. 5b). This microfacies is restricted
to Member 2 of the Azhang and Letie sections.

Planktonic foraminifera and calcispheres usually
developed in hemi-pelagic to pelagic environments
(Flügel 2010). The bivalve and echinoderm debris
are inferred to have been transported from shall-
ower environments during episodic high-energy
storm events or other gravity flow events, and we
interpreted this microfacies as an open marine envi-
ronment affected by storms or deposited at the toe of
a slope. This microfacies can be correlated to SMF2
of Flügel (2010).

Coral and rudist bank
MF3 Coral rudstone. This microfacies contains

50–70% carbonate grains with grain-supported tex-
ture. Coral debris is the main component (40–
50%), with a diameter of c. 0.5–2 cm. The corals
were bored by encrusters. Peloids occur among the
coral debris with c. 15% content. Bivalve debris
accounts for 5% of the content (Fig. 5c). This microf-
acies occurs in the Zulong and Letie sections.

The assemblage of corals and rudists usually
lived in an outer platform environment during the
Cretaceous (Zaghbib-Turki 2003), and corals always
occurred in relatively deeper water than rudists (Gili
et al. 1995; Fernández-Mendiola et al. 2013). Com-
bined with its stratigraphic relationship with MF4,
MF3 is interpreted to be a carbonate fore-bank
sourced from nearby patch reefs, and it can be corre-
lated to SMF6 of Flügel (2010).

MF4 Rudist rudstone. This microfacies contains
70–80% carbonate grains and has a grain-supported
texture. Grains of rudist debris up to 5 mm in diam-
eter are the most abundant (60%). The rudist debris is
poorly rounded. Some grains have been bored by
microorganisms, and some have micritic envelopes.
Some grains are coated by Lithocodium and Baci-
nella. Minor components include bivalves and orbi-
tolinids, accounting for 10% of the content. Peloids
can account for up to 10%. Red algae, green algae,
echinoderm and gastropods are rare. The micritic
matrix represents c. 20–30% of the content (Fig.
5d). This microfacies occurs in the Zulong and Letie
sections.

Rudists are traditionally regarded as typical infra-
littoral markers (Masse 1992). The poorly rounded
rudist debris indicates a relatively short transport dis-
tance and high-energy conditions. Abundant debris
with micritic envelope are common in platform-
margin shoals (Flügel 2010). The micritic matrix
may be a product of sheltering by large rudist debris
or trapping by microorganisms, such as Lithocodium
and Bacinella. This microfacies is interpreted to have
formed in a rudist bank to fore-bank at a depth of
c. 1.5–4.5 m (Alsharhan 1995).

MF5 Benthic foraminifera–rudist wackestone.
This microfacies is matrix supported and has fewer
than 40% carbonate grains. The grains are dominated
by rudist and bivalve debris (20%) with diameters of
c. 0.5–2 mm.Lithocodium andBacinella coatings are
common. Small benthic foraminifers (mainly textu-
lariid and miliolid) account for 5–7% of the content,
and orbitolinids account for c. 5%. Green algae, echi-
noderms and red algae are rare (Fig. 5e). This microf-
acies occurs widely in the studied sections.

The rudist clasts are finer than those in MF3a,
indicating transport over a longer distance. The
occurrence of Lithocodium and Bacinella indicates
a shallow reef crest or lagoonal environment (Stein
et al. 2012; Kaya & Altıner 2015). The green
algae, miliolids and textulariids indicate a shallow
water depth. Thus, this microfacies was suggested
to have been deposited in a shallow-water environ-
ment behind a rudist bank.

Lagoon
MF6 Orbitolinids floatstone. This microfacies is

matrix-supported or grain-supported and has a wide
range of carbonate grain contents from 20 to 40%.
Orbitolinids, 10–25% of the content, comprise the
dominant grain type. The orbitolinids including con-
ical and discoidal forms are well preserved. Subordi-
nate grains includefine bivalve debris, accounting for
5% of the content. Small benthic foraminifera,
sponge spicules, echinoderms and silt-sized quartz
grains are rare. Thematrix contains abundant peloids,
with contents of up to 10% (Fig. 5f). Thismicrofacies
occurs in the Zulong and Azhang sections.

Orbitolinids live in a shallow water with depths
of c. 10–50 m (Banner & Simmons 1994). Abundant
peloids and carbonate mud in the matrix usually
occur in lagoonal environments and indicate low
energy conditions (Tucker & Wright 1990). This
microfacies can be correlated with SMF18 (Flügel
2010). Thus, MF6 is interpreted to have been depos-
ited in an open lagoon environment with c. 10–50 m
water-depth.

MF7 Green algae packstone. This microfacies
contains 20–60% carbonate grains with matrix or
grain-supported texture. The green algae in this
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microfacies consists of dasyclads and Halimeda-type
algae (20–40%) and is occasionally coated by a
micritic envelope. Orbitolinids, bivalve and echino-
derm are subordinate (15%). Other grains include
textulariids and miliolids (3–5%), gastropods and
sponge spicules (Fig. 5g). This microfacies occurs
widely in the studied sections.

Dasyclads are abundant in euphotic water of 5–
10 m depth with normal salinity (Banner & Simmons
1994). Amicritic matrix indicates a low-energy envi-
ronment. This microfacies can be correlated with
SMF18 (Flügel 2010). The water depth of this
microfacies is probably 5–10 m, which is shallower
than that of MF6. Thus, MF7 is interpreted to have
been deposited in an open lagoon environment
with water-depth c. 5–10 m.

MF8 Bioclastic grainstone. This microfacies con-
tains 80% carbonate grains with grain-supported tex-
ture. The cement is composed of sparite. Bioclastic
grains (50–60%) mainly consist of rounded orbitoli-
nids, rudist with a micritic envelope, dasyclads and
benthic foraminifera. Gastropod, echinoderm, red
algae and bryozoan are subordinate. Non-skeletal
grains including ooids and peloids account for 10–
25% of the content (Fig. 5h). This microfacies occurs
only in the Zulong and Azhang sections and is
flanked by MF7 and MF11.

Oriented bioclasts and the absence of micrite in
the matrix indicate a strong current. The occurrence
of dasyclads and ooids suggests water depths less
than 10 m (Flügel 2010). Considering that this
microfacies is associated with MF5 and MF7, we
interpreted it to have been deposited in a bioclastic
shoal in the lagoon.

MF9 Orbitolinids wackestone with small benthic
foraminifera. This microfacies contains 10–40% car-
bonate grains with matrix-supported texture. Orbito-
linids (30%) and other small benthic foraminifera
(5–10%) are abundant. Dasyclads and bivalves are
rare, accounting for less than 5% of the content
(Fig. 5i). This microfacies is adjacent to MF7 and
MF11 and restricted to the Azhang section.

The co-occurrence of orbitolinids and other small
benthic foraminifera indicates a shallower environ-
ment than for MF6. Abundant benthic foraminifera
indicate a shallow lagoonal environment (Gha-
beishavi et al. 2010). The dasyclads also indicate a
shallow-water environment. Therefore, a shallow
lagoonal environment is suggested for this microfa-
cies and it can be correlated to SMF18 (Flügel 2010).

MF10 Spicules wackestone. The microfacies is
characterized by wackestone with a micritic matrix
(Fig. 5j). Carbonate grains constitute 25% of the con-
tent, and sponge spicules with a single axis are the
most common components (10% of the content).

Green algae debris (10%) constitute the subordinates.
The miliolids account for 5%, and other benthic fora-
minifera have minor contents. This microfacies is
only present in the Azhang section and occurs adja-
cent to MF7 and MF11.

The abundance of micrite represents a low-
energy environment. The rich sponge spicules are
interpreted to imply a deep-water or basin environ-
ment (Wilson 1975). However, based on modern
sponge distributions, the spicules could also have
originated in shallow-marine shelf and near-coast
environments (Flügel 2010). In the studied thin sec-
tions, the co-occurrence of spicules and green algae
implies shallow water. Combining its stratigraphic
relationship with MF7 and MF11, the MF10 was
suggested to have been deposited in a shallow
lagoon environment.

MF11 Small benthic foraminifera wackestone–
mudstone. The microfacies is characterized by a
micritic matrix-supported texture with a 25% content
of carbonate grains (Fig. 5k). The most common
components are mainly small benthic foraminifera
including miliolids and textulariids (5–15%), with
minor green algae, sponge spicules, gastropod and
echinoderms.Thematrix ismicrite, and in someparts,
dissolution cavities are present (Fig. 5l). This microf-
acies occurs in the Zulong and Azhang sections.

Abundant miliolids and textulariids indicate shal-
low and restricted environments with water depths
not exceeding 10 m (Davies et al. 2002). Micritiza-
tion of miliolids also indicates a restricted, quiet
environment favouring boring microorganisms
(Tucker & Wright 1990). The exposure structure
(dissolution cavities) also indicates a shallow water
environment. Thus, MF11 is interpreted to have
been deposited in a restricted shallow lagoon envi-
ronment. This microfacies can be correlated with
SMF18 (Flügel 2010).

Discussion

Palaeoenvironmental evolution of the
Langshan Formation

Based on the biostratigraphy, microfacies and inter-
preted water depth, we reconstructed the history of
palaeowater depth changes in the Langshan Forma-
tion (Figs 6–8).

Member 1 is dominated by abundant green algae
and benthic foraminifera (MF7, MF9 andMF11) and
deposited in a shallow lagoonal environment with
water depths of no more than 10 m in the Azhang
section (Fig. 8). In the Letie section rudist rud-
stone (MF4) and benthic foraminifera–rudist wacke-
stone (MF5) indicate a rudist bank or back bank
environment (Fig. 7). Additionally, Member 1 is
dominated by rudist rudstone (MF4) and benthic
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Fig. 6. Stratigraphy and microfacies distribution of the Langshan Formation in the Zulong section. In the columns,
facies numbered 1–11 refer to the different microfacies. See the text for the descriptions and palaeodepths of
microfacies 1–11.
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foraminifera–rudist wackestone (MF5) in the lower
part of the Zulong section, which indicates a rudist
bank or back bank environment, and orbitolinids
floatstone–rudstone (MF6) in the upper part of the

Zulong section, which indicates a deep lagoon with
water depths of 10–50 m (Fig. 6).

Member 2 comprises calcispheres wackestone
and planktonic foraminiferal wackestone (MF1 and
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MF2) in three studied sections, which indicate an
open marine environment with water depths of c.
50–100 m. However, there was a shallowing event
in the middle part of the Zulong section represented
by the deposition of green algae packstone (MF7),
bioclastic grainstone (MF8) and small benthic fora-
minifera wackestone–mudstone (MF11) of a shallow
lagoon environment (Fig. 6).

The depositional environment of the lowest part
of Member 3 in the Azhang section is the same as
Member 2 from an open marine environment
(Fig. 8). The upper part of Member 3 in the Azhang
section is similar to Member 3 in the Letie section,
both being dominated by benthic foraminifera–rudist
wackestone (MF5), green algae packstone (MF7) and
orbitolinids wackestone with small benthic forami-
nifera (MF9) that formed in a back bank to shallow
lagoon environment (Fig. 7). In the Zulong section,
Member 3 is dominated by coral rudstone (MF3)
and rudist rudstone (MF4) that formed in a fore-
bank patchy reef to rudist bank environment (Fig. 6).

A carbonate platform may have four basic differ-
ent geometries that may be suitable for the depositio-
nal environment of the Langshan Formation: (1)
carbonate ramp (gently sloping shelf with water
depths steadily increasing basinward); (2) rimmed
shelf with a reef or carbonate bank along its outer
margin; (3) isolated platform surrounded by deep
waters; and (4) epeiric platform with width more
than 100 km (Tucker &Wright 1990). Abundant ter-
rigenous detritus within the Langshan Formation has
been reported (Sun et al. 2017), indicating that the
carbonate platform for the Langshan carbonates
was not an isolated one. From the Xiagezi section
(situated in the southernmost area of the distribution
of the Langshan Formation) (Sun et al. 2017) to the
Letie section (situated in the northernmost area of the
distribution of the Langshan Formation) (Fig. 1b),
the width of the modern distribution of the Langshan
Formation is about 110 km (Fig. 1b). Considering
that the Lhasa terrane has experienced north–south
shortening of over 55% (Kapp et al. 2007), the orig-
inal width of the distribution of the Langshan Forma-
tion was more than 200 km. Therefore, an epeiric
platform is most likely suitable for the deposition
of the Langshan Formation.

Previously, Sun et al. (2017) suggested a ramp
model for deposition of the Langshan Formation,
considering that the sedimentary environment of
the Langshan Formation in the Azhang section was
lagoonal throughout the whole section. However,
there are several aspects that do not support the
ramp model. First, the width of the distribution of
the Langshan Formation is larger than ramp models
imply, which is normally less than 100 km (Tucker
& Wright 1990). Second, in three studied sections
of the Langshan Formation, Member 2 was domi-
nated by MF1 and MF2, which indicated an open

marine environment with water depth of 50–100 m.
The MF2 contains bioclasts sourced from shallow-
water facies. However, a normal carbonate ramp
exhibits no shallow-water-derived clasts in deeper-
water outer ramp deposits (Flügel 2010). Third, in
the studied sections, the vertical transition from
MF3–4 to MF1–2 clearly shows a drastic water
depth change for more than 40 m, which indicates
drastic laterally palaeobathymetric changes based
on Walther’s law (Fig. 9). During the Albian 3–4
(106.7–100.5 Ma), when Member 2 was deposited
in the studied sections, the open marine environment
(MF 1 and MF2) is restricted to the Azhang–Letie–
Zulong areas (Fig. 1), while the Langshan Formation
in both the Guolong and the Xiagezi sections
(BouDagher-Fadel et al. 2017; Sun et al. 2017)
south of the Azhang–Letie sections and the Xiong-
mei–Baigoin areas east of the Azhang section (our
own unpublished data) (Fig. 1) were deposited in
shallow-water lagoon environments. This palaeo-
geographic distribution also indicates a morphology
of flat-topped platforms with drastic water depth
changes at its margin rather than a gently sloping
ramp topography. Therefore, the carbonate ramp
model is not suitable for explaining the deposition
of Member 2 of the Langshan Formation.

The major Late Albian transgressive event and
comparison with other marine successions

The evolution of carbonate microfacies documents
one common deepening event in the Langshan For-
mation, roughly corresponding to the Member 1/
Member 2 boundary in the Azhang and Letie sec-
tions, and the middle part/upper part of Member
2 in the Zulong section (Fig. 10). Detailed microf-
acies analysis clearly shows that, during this deep-
ening event, the water depth changed by more than
40 m, and the biostratigraphy analysis demonstrates
this deepening event at the Azhang section to have
begun within the benthic foraminiferal biozone
TLK1f (c. 107 Ma) and continued to TLK1g. In
the Letie section, there is a deepening event recon-
structed which also continued to TLK1g. The onset
of this deepening event is loosely defined to the
biozones of TLK1d–TLK1f owing to the lack of
planktonic foraminifera within the lower part of
Member 2. Considering the same tectonic setting
of the Azhang and Letie sections, and that the dis-
tance between the two sections is c. 50 km, the
deepening event found in the Letie section is prob-
ably the same deepening event within the TLK1f in
the Azhang section. In the Zulong section, there are
two deepening events. The first began within
TLK1d, while the second occurred during the tran-
sition from the middle part to the upper part of
Member 2, which can be constrained to benthic
foraminiferal biozones TLK1e–f. Comparing these
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events in the three studied sections, the regional
deepening event most likely began within the TLK1f
biozone.

The late Albian transgressive event of the Lang-
shan Formation is not limited to central Tibet, but
can be traced from the Tethyan Himalaya to the
Israel range of the western Tethys, the Russian plat-
form, the Arabian platform and the Western Euro-
pean basins. The Tethyan Himalaya was located on
the northern Indian passive continental margin at a
palaeolatitude of 40° S during the mid-Cretaceous
(Ma et al. 2016). The late Albian transgressive
event occurred within the planktonic foraminiferal
zone of Rotalipora subticinensis and was docu-
mented by the transition volcaniclastic sandstones
in a storm-affected shelf environment to mudstone
in pelagic environment (Premoli Silva et al. 1992;
Garzanti 1993; Hu et al. 2010). In the western
Tethys, the Israel range was situated at a low palae-
olatitude of 10° N during the Cretaceous (Segev
et al. 2002). The late Albian transgressive event
occurred within the planktonic foraminiferal zones
T. breggiensis to R. ticinensis and is evidenced by
the transition from shallow-water limestone to
shale deposition in a basin environment, with a
change in the species diversity of ostracods and a
change in the shape of foraminifera from non-keeled
to keeled (Flexer et al. 1986). The late Albian trans-
gressive event on the Russian platform, which had a

palaeo-latitude of 50–70° N, occurred within the
ammonite zone Mortoniceras pricei, and is evi-
denced by an exposed unconformity surface overly-
ing shale deposits rich in radiolarian and planktonic
foraminifera (Sahagian et al. 1996). The relative sea-
level changes from the Arabian platform recon-
structed by Haq & Al-Qahtani (2005) showed a
transgressive event starting at c. 107 Ma. A major
maximum flooding surface named K100 has been
discovered and dated to c. 106 Ma. The depositional
sequences in the Western European basins showed a
transgressive event between the AL8 and AL9
sequence boundary, which occurs within the
ammonite zone of M. pricei (Hardenbol et al.
1998). A sequence stratigraphy correlation by Haq
(2014) also showed a transgressive event between
the KAl4 and KAl5 sequence boundaries which cor-
relates with the ammonite zone of M. pricei.

Based on the Cretaceous biostratigraphy and
chronostratigraphy (Ogg & Hinnov 2012), the
ammonite zone M. pricei can be correlated with
the planktonic foraminiferal zone R. subticinensis
(= Pseudothalmanninella subticinensis). The R. sub-
ticinensis zone, including the T. breggiensis–R. tici-
nensis zone, can be correlated with the Tethyan
benthic foraminiferal zone of TLK1f (BouDagher-
Fadel 2018a) (Fig. 10). Although the duration of
these three biozones is shorter than that of TLK1f,
the lower boundaries of these four biozones are
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almost synchronous. The observed transgressive
events occurred only within the base of this time
interval, and we can infer that the deepening event
recorded in the Langshan Formation was most likely
a global transgressive event at c. 107 Ma according
to the age correlations of Ogg & Hinnov (2012).

Controlling factors of the Late Albian
transgressive event

Global sea-level oscillations on a several-million-
year scale are mainly controlled by oceanic spread-
ing and crustal production rates, large igneous
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provinces (LIP) eruption and changes in ocean water
volume (Miller et al. 2011; Conrad 2013; Sames
et al. 2016). However, oceanic spreading and crustal
production rates and LIP eruptions are ruled out
because there were no drastic changes in ocean
crust production rate and LIP magma flux in the
late Albian (Coffin et al. 2006; Müller et al. 2008)
(Fig. 11); therefore, the late Albian transgressive
event was most likely controlled by the change in
seawater volume, which is mainly controlled by
the exchange of water between the oceans and
the continents.

Twomechanisms have been proposed to interpret
the changes in oceanic water volume in the mid-
Cretaceous. The first mechanism is based on the
existence of a transient ice sheet in the interior of
the Antarctic continent (Miller et al. 2003; Haq
2014; Haq & Huber 2017). The growth and decay
of the ice sheet could have cause high-frequency
and low-amplitude sea-level changes and negative
shifts in seawater oxygen isotopic composition.
However, during the mid-Cretaceous, the polar tem-
perature was much higher than it is now; thus, the
existence of ice sheets is highly improbable (Mac-
Leod et al. 2013; O’Brien et al. 2017; Huber et al.
2018) and there is a lack of direct evidence of an

ice sheet during the late Albian (e.g. Alley et al.
2019).

The second proposed mechanism for continental
water storage is based on the hypothesis that the
accelerated hydrological cycle has changed the vol-
ume of continental aquifers (lake and underground
water), which could account for the third-order sea-
level changes (Hay & Leslie 1990; Sames et al.
2016; Wendler & Wendler 2016; Hay 2017).
Based on the model proposed by Wendler & Wen-
dler (2016), the release of groundwater to the oceans
will cause a positive shift of the oxygen isotopic
composition of seawater. A previous correlation of
Turonian lake-level change to global sea-level
change shows an interesting result (Wagreich et al.
2014). The high lake level corresponds to the lowest
global sea-level, which may indicate that changes in
continental aquifers control the eustatic changes dur-
ing hothouse times. The lack of accurate data on
changes in continental aquifers during the Albian
period hampers us recognizing the influence of con-
tinental aquifers. However, the oxygen isotope of
seawater shows that there was little shift from 107
to 105 Ma (Fassell & Bralower 1999; Huber et al.
2018) (Fig. 11), which may have been caused by
the interaction between the decay of ice sheets and
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the release of water from continental aquifers. There-
fore, we cannot confirm whether the late Albian
transgressive event was controlled by a possible
minor polar ice sheet or the change of continental
aquifer related to accelerated hydrological processes.

Conclusion

A detailed biostratigraphic and sedimentological
study of over 640 thin sections from the Langshan
limestone in central Tibet reveals 11 distinct microf-
acies corresponding three distinct depositional set-
tings. Members 1 and 3 of the Langshan Formation
were deposited in a rudist bank to lagoon environ-
ment whereas Member 2 was deposited within an
open marine environment.

The reconstructed palaeodepth curves define a
sudden deepening event from a shallow bank to an
open marine setting with an amplitude of c. 40 m
at c. 107 Ma, broadly concurrent with similar events
identified in the Tethyan Himalaya, Israel, Russian
platform, Arabian platform and Western European
basins. This deepening event was a widespread,
roughly synchronous feature across the globe, and
was controlled by a global sea-level change that may
have been related to the decay of an unknown polar
ice sheet or release of water from continental aquifer.
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